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We report the results of theoretical and experimental investigation of spin diffusion in the normal phase
of liquid 3He confined in planar aerogel: a material consisting of nanostrands which are almost parallel to a
specific plane and randomly oriented in this plane. Using spin echo technique we measure the spin diffusion
coefficients in the directions perpendicular and parallel to the plane. We see good agreement between the
experiment and the theory.
1. INTRODUCTION
Measurements of spin diffusion in normal liquid 3He
confined in high porosity materials (e.g., in aerogels) al-
low to obtain information about their structure. Aerogel
is a rigid system consisting of nanoscale strands. Fermi-
liquid quasiparticles in bulk 3He have a mean free path
λ ∝ T−2 and a corresponding spin diffusion coefficient
D ∝ T−2. At very low temperatures (T ∼ 1mK) the
density of quasiparticles becomes so small that the aero-
gel, immersed in liquid 3He, limits the free path and the
diffusion is determined by the aerogel structure.
Spin echo technique was used to investigate spin dif-
fusion of liquid 3He in different types of aerogel: in
isotropic silica aerogels [1, 2] and in nematic aerogels
[3, 4] which are nanofabricated materials with almost
parallel alignment of strands [5]. In the latter case
an anisotropic spin diffusion was observed indicating
a global anisotropy of nematic aerogel. The spin dif-
fusion along the strands was found to be a few times
greater than that in the perpendicular direction. Strong
anisotropy of nematic aerogel also leads to existence of
a new superfluid phase of 3He – the polar phase [6].
Here we present results of theoretical and experi-
mental studies of spin diffusion in a different type of
anisotropic aerogel-like material, which we call the pla-
nar aerogel. Like nematic aerogel, it is a macroscopi-
cally uniform system with axial symmetry which con-
sists of long approximately cylindrical strands of nearly
the same diameter d. The directions of these strands,
however, are uniformly distributed in a plane perpen-
dicular to the symmetry axis rather than parallel to it
as in nematic aerogel (Fig. 1).
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Fig. 1: Scanning electron microscope image of the free
surface of planar aerogel
2. THEORY
The theory of low temperature spin diffusion in nor-
mal 3He confined in an anisotropic aerogel (particularly
in nematic aerogel) was developed in Ref. [4]. Here we
extend it to describe the planar aerogel. At low temper-
ature the influence of collisions between 3He quasiparti-
cles can be neglected in comparison with that of aerogel-
quasiparticle scattering. Such scattering preserves the
quasiparticle energy and (for 4He coated strands) spin.
At low pressure tangential momentum component is also
assumed to be conserved, thus leading to specular quasi-
partcle reflection [7]. We will also discuss an opposite
limit of diffuse scattering where the tangential momen-
tum components after and before the scattering are in-
dependent. This is a natural model for irregular “rough”
strands.
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Let dσm = sm(pˆ, pˆ′) dpˆ′ be the differential p → p′
scattering cross section on a unit surface element of a
strand with the outer unit normal m. Here and below
the hat denotes appropriate unit vector. Then a cylin-
der of length L has the scattering cross section
dσn =
Ld
2
∫
δ(m · n) dσm dm,
where n is the unit vector along the cylinder axis and δ
is the Dirac delta function. All planar aerogel strands
are perpendicular to the unit vector l directed along the
symmetry axis. The scattering cross section per unit
volume of such structure is obtained by one more inte-
gration:2)
dσl =
1
2pi
∫
δ(n · l) dσn dn =
Ld
4pi
∫∫
δ(m · n) δ(n · l) dσm dn dm =
2ν
pi2d
∫
dσm∣∣∣sin m̂l∣∣∣ dm ≡ νpidS(pˆ, pˆ′) dpˆ′
where L = 4ν/(pid2) is the total length of the strands
per unit volume, ν = 1 − p is the filling factor, p is the
aerogel porosity, and
S(pˆ, pˆ′) =
2
pi
∫
sm(pˆ, pˆ′)∣∣∣sin m̂l∣∣∣ dm. (1)
Let z-axis run along l. Two distinct principal values
of the diffusion tensor are Dxx = Dyy and Dzz . The
former is obtained from the equation
Dxx
∂M
∂x
= − p
2
F
(2pi~)3
∫
χx(pˆ) pˆx dpˆ, (2)
where χx(pˆ) is the solution of linearized kinetic equation
ψxpˆx =
ν
pid
∫
S(pˆ, pˆ′)
(
χx(pˆ)− χx(pˆ′)) dpˆ′, (3)
and
ψx =
2pi2~3
pFm∗
(1 + F a0 )
∂M
∂x
.
Here M is the magnetization, pF is the Fermi momen-
tum, m∗ is the effective mass, and F a0 is the Fermi-liquid
parameter.
2)One can explicitly verify that
∫
δ(m · n) δ(n · l) dn =∣∣∣2/sin m̂l∣∣∣ , where m̂l is the angle between m and l.
To solve such kinetic equation we expand the distri-
bution function χ(pˆ) in terms of mutually orthogonal
real spherical harmonics Ylm(pˆ):
3)
χ(pˆ) = ψ
pid
ν
√
4pi
3
∑
l,m
ClmYlm(pˆ).
Consider the matrix S of the collision operator in the
right-hand side of Eq. (3) defined by the expression∫
Yl1m1(pˆ)S(pˆ, pˆ
′)
(
Yl2m2(pˆ)−Yl2m2(pˆ′)
)
dpˆ′ dpˆ. (4)
Due to the symmetry of the system under parity inver-
sion, the matrix elements l1 6≡ l2 (mod 2) are identically
zero. Another selection rule is a consequence of z-axial
symmetry: m1 = m2.
The left hand side of Eq. (3) is, up to a factor, Y11.
The solution of this equation is therefore
χx(pˆ) = ψx
pid
ν
√
4pi
3
∞∑
l=1,3,5,...
U lYl1(pˆ),
where U l is the solution of the matrix equation
(1 0 0 . . . )T = SU. (5)
The diffusion coefficient depends, in fact, (see Eq. (2))
only on the first component of the solution U1:
Dxx = U1 (1 + F a0 )
pivF d
3ν
.
The kinetic equation solution for the diffusion along
z-axis
ψz pˆz =
ν
pid
∫
S(pˆ, pˆ′)
(
χz(pˆ)− χz(pˆ′)) dpˆ′ (6)
is sought for in the form
χz(pˆ) = ψz
pid
ν
√
4pi
3
∞∑
l=1,3,5,...
V lYl0(pˆ).
The diffusion coefficient in this case is given by
Dzz = V 1 (1 + F a0 )
pivF d
3ν
.
In the case of specular scattering (denoted by the
subscript “S” below), elementary cross section [4] is
3)Particularly, m = 0 and m = 1 harmonics in spherical
coordinates are defined as Yl0 =
√
(2l + 1)/(4pi)Pl(cos θ) and
Yl1 =
√
(2l + 1)/(2pil(l + 1))P 1
l
(cos θ) cos φ, where Pl and P
1
l
are
Legendre polynomials.
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smS (pˆ, pˆ
′) = −(pˆm)
{
0, (mpˆ) > 0;
δ (pˆ′ − pˆ+ 2m(pˆm)) otherwise.
This expression can be simplified
smS (pˆ, pˆ
′) =
1
4
δ
(
m− pˆ
′ − pˆ
|pˆ′ − pˆ|
)
and plugged into Eq. (1):
SS(pˆ, pˆ
′) =
1
2pi
1
|sin∠ (pˆ− pˆ′, l)| =
1
pi
√
2
√
1− cos θ cos θ′ − sin θ sin θ′ cos∆
sin2 θ + sin2 θ′ − 2 sin θ sin θ′ cos∆ , (7)
where the spherical angles (θ, φ) and (θ′, φ′) correspond
to pˆ and pˆ′ and ∆ = φ− φ′.
To calculate the collision operator matrix (4), the
cross section (7) must be integrated with respect to θ, φ,
θ′, and φ′. One integration can be saved using the above
mentioned symmetry.4) Remaining triple integrals are
evaluated numerically to solve Eq. (5) with the help of
SciPy [8] and particularly its interface to QUADPACK li-
brary [9]. It turns out that sufficient precision is reached
already for the matrices as small as 10 × 10. This pro-
cedure gives U1S = 0.4249, V
1
S = 0.2153 and
DxxS = 0.445 (1 + F
a
0 )
vF d
ν
, (8)
DzzS = 0.226 (1 + F
a
0 )
vF d
ν
. (9)
It is worth noting that DzzS is close to the lateral com-
ponent of the diffusion tensor (spin flux is also perpen-
dicular to the strands)
D⊥S =
3pi2
128
(1 + F a0 )
vFd
ν
≈ 0.231 (1 + F a0 )
vF d
ν
found for specular scattering in nematic aerogel [4].
In the diffuse scattering model (denoted by the sub-
script “D”) we failed to find an analytical expression for
the scattering cross-section of planar aerogel SD(pˆ, pˆ
′)
by substituting the elementary diffuse cross-section di-
rectly into Eq. (1), as in Eq. (7). This problem can
be solved by the following trick. As explained ear-
lier, diffusion depends only on diagonal m1 = m2 el-
ements of the matrix S (other elements are identically
zero). These elements for the planar aerogel, formed
4)Namely, if a function h depends on |φ− φ′| but not on in-
dividual angles φ and φ′, then
∫
h(φ − φ′) dφdφ′ = 2pi
∫
h(φ) dφ
and
∫
h(φ− φ′) cosφ cos φ′ dφ dφ′ = pi
∫
h(φ) cosφ dφ.
by the strands uniformly distributed in xy-plane, co-
incide with the same elements of a collision operator
matrix computed for a nematic aerogel whose strands
are aligned with an arbitrary vector n in xy-plane. We
employ nematic aerogel scattering cross-section dσnD ≡
νSnD(pˆ, pˆ
′) dpˆ′/(pid), where [4]
SnD(pˆ, pˆ
′) =
1
pi
sin θ˜ sin θ˜′
∣∣sin ∆˜− ∆˜ cos ∆˜∣∣ (10)
and the spherical angles θ˜, θ˜′, and ∆˜ = φ˜−φ˜′ are relative
to n. If n is selected in x direction, then
cos θ˜ = sin θ cosφ, cos θ˜′ = sin θ′ cosφ′,
cos ∆˜ =
cos θ cos θ′ + sin θ sin θ′ sinφ sinφ′
sin θ˜ sin θ˜′
.
Genuine quadruple integrals with respect to θ, φ, θ′,
and φ′ must be evaluated when Eq. (10) is substituted
in Eq. (4). Significant speed-up is achieved by imple-
menting the integrand in C language. Computations
give U1D = 0.4467, V
1
D = 0.1788 and
DxxD = 0.468 (1 + F
a
0 )
vFd
ν
, (11)
DzzD = 0.187 (1 + F
a
0 )
vFd
ν
. (12)
Surprisingly, DxxD > D
xx
S and D
xx
D /D
zz
D > D
xx
S /D
zz
S . It
is again instructive to compare DzzD with
D⊥D =
pi2
2pi2 + 32
(1 + F a0 )
vFd
ν
≈ 0.191 (1 + F a0 )
vF d
ν
,
obtained in Ref. [4] for spin diffusion across nematic
aerogel in diffuse scattering model.
3. DETAILS OF EXPERIMENT
The sample of planar aerogel used in our experi-
ments was produced from an aluminum silicate (mul-
lite) nematic aerogel consisting of strands with diam-
eters d ≈ 10 nm. The process includes dispersion of
the aerogel in alcohol so the strands break up and de-
tach from one another. Then the mixture is dried at
room temperature and heat treated (baked), to gener-
ate some bonding between contacting fibers. The re-
sulting structure is a fibrous network mostly oriented in
one plane (Fig. 1) with porosity of about 88% and the
overall density ρ ≈ 350mg/cm3 (the density of mullite
ρ0 ≈ 3 g/cm3). From Fig. 1 it is seen that lengths of
separate strands are of the order of 1µm. Similar struc-
tures are used for fabrication of filtration membranes
and described in Refs. [10, 11].
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Three plates with sizes 4 × 4mm were cut from the
original sample (having the form of a disk with a thick-
ness of ≈ 1mm), stacked on top of each other, and
placed in a separate cell of our experimental chamber.
The experimental chamber (made of Stycast-1266 epoxy
resin) was similar to that described in Ref. [12].
Experiments were carried out using spin echo tech-
nique in the magnetic field of 140Oe (corresponding
NMR frequency is 453 kHz) at the pressure of 2.9 bar.
In order to avoid a paramagnetic signal from solid 3He
on the surface of aerogel strands, the sample was coated
by ≈ 2.5 atomic layers of 4He before filling the chamber
with 3He. The external static magnetic field was per-
pendicular to the planar aerogel plane. Two systems of
gradient coils were used to apply the field gradient in
directions parallel and perpendicular to the plane. Nec-
essary temperatures were obtained by a nuclear demag-
netization cryostat and measured by a quartz tuning
fork. The temperature was determined in assumption
that the resonance linewidth of the fork in normal 3He is
inversely proportional to the temperature [13]. At high
temperatures the diffusion coefficient in aerogel should
be the same as in bulk 3He (we used the data from
Ref. [14]) that allowed us to calibrate the temperature
scale.
We obtained spin echo decay curves by measuring
the amplitude of the echo after pi/2−τ−pi pulses, where
τ is the delay between pulses. The measurements were
carried out at temperatures 1.5–80mK for two direc-
tions of magnetic field gradient (parallel and perpendic-
ular to the plane of planar aerogel) and at several values
of the gradients (265–786mOe/cm).
4. EXPERIMENTAL RESULTS
The spin echo amplitude is obtained from Bloch-
Torrey equations [15] and given by
I = I0 exp(−2τ/T2 −Aτ3), (13)
where T2 is a spin-spin relaxation time and A for an
anisotropic media has a form of
A =
2
3
γ2DlmGlGm. (14)
Here γ is a gyromagnetic ratio of 3He, G is a gradient
vector of the external magnetic field.
A typical echo signal of 3He in the planar aerogel
is shown in the inset of Fig. 2. The value of spin dif-
fusion coefficient at fixed temperature T is determined
from echo amplitudes measured at different τ after fit-
ting to Eq. (13). The observed dependence of the echo
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Fig. 2: Spin echo amplitude (normalized to the am-
plitude at τ = 0) versus N = 2
3
(γG)2τ 3 for different
field gradients applied in z direction. G = 765mOe/cm
(squares), 515mOe/cm (triangles), 265mOe/cm (cir-
cles); T ≈ 1.6mK. Solid line is the best fit to the data at
N > 200 s/cm2 by Eq. (13). Inset: typical echo signal.
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Fig. 3: Temperature dependence of the spin diffu-
sion coefficients in planar aerogel: Dxx(T ) (circles) and
Dzz(T ) (triangles)
amplitude I/I0 on G
2τ3 does not depend on field gra-
dient at all used temperatures, so the term with T2 in
Eq. (13) can be neglected. An example data set is shown
in Fig. 2. We note that at N ≤ 200 s/cm2 experimen-
tal points deviate from the linear dependence due to
the presence of bulk 3He in the cell filling tube and in
the gaps between the aerogel sample and the cell walls.
At low temperatures (T . 40mK) the spin diffusion in
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bulk 3He is much greater than that in aerogel. There-
fore, the relative contribution of bulk 3He into the to-
tal echo signal rapidly decreases with the increase of τ ,
and spin diffusion coefficients in aerogel can be deter-
mined from the data where the linear law is observed
(N > 200 s/cm2 for the data in Fig. 2).
Temperature dependencies of the spin diffusion co-
efficients shown in Fig. 3 were measured for two orienta-
tions of the gradient: parallel (Dxx) and perpendicular
(Dzz) to xy-plane. Each set of data is fitted by the
following equation:
D−1(T ) = D−1bulk(T ) +D
−1, (15)
where the contributions of collisions between quasipar-
ticles Dbulk ∝ T−2 (the diffusion coefficient in bulk 3He)
and that of quasiparticle-aerogel scattering D ≡ D(0)
are separated. Solid lines in the graph are the best fits
to Eq. (15), the dashed line is the diffusion coefficient in
bulk 3He (obtained from extrapolation to P = 2.9 bar
of the experimental data in Ref. [14]). Thus, we get
principal values of the spin diffusion tensor in planar
aerogel in zero temperature limit: Dxx = 0.0059cm2/s,
Dzz = 0.0036cm2/s. The accuracy of these values is
estimated as ±10%.
5. DISCUSSION
We define zero-temperature effective mean free paths
λz and λx of
3He quasiparticles in planar aerogel by the
equation [4]: D = vFλ (1 + F
a
0 ) /3. For vF = 5397cm/s
and F a0 = −0.717 [16] we get λz = 71nm and λx =
116nm.
For our sample of planar aerogel d ≈ 10 nm and ν =
ρ/ρ0 ≈ 0.117. Thus, from Eqs. (8,9,11,12) we expect to
have the following spin diffusion coefficients for specular
scattering DxxS = 0.00583cm
2/s, DzzS = 0.00296cm
2/s
and for diffuse scattering DxxD = 0.00613cm
2/s, DzzD =
0.00245cm2/s. The experimental results are more con-
sistent with the specular scattering model. We note
that inaccuracies in d and ν do not influence the ratio
Dxx/Dzz, and the discrepancy between the experimen-
tally observed Dxx/Dzz = 1.64 and DxxS /D
zz
S = 1.97 is
probably due to incomplete alignment of aerogel strands
in one plane. It is worth to mark that for diffuse scat-
tering the theory predicts DxxD /D
zz
D = 2.50.
The observed strong anisotropy of 3He spin diffusion
is of a particular interest for NMR experiments with su-
perfluid 3He in planar aerogel where the A phase with
the orbital vector oriented perpendicular to the plane is
expected to emerge [17] as well as the effect of a mag-
netic scattering can be manifested, which was presum-
ably the case for the superfluid 3He in nematic aerogel
[18].
M.S.K. prepared the aerogel sample. L.A.M. and
B.D.S. developed the theory and were supported in part
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by V.V.D., A.A.S., and A.N.Y. and were supported by
grant of the Russian Science Foundation (project #18-
12-00384).
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